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FACTORS IN EVALUATION OF NEW METHODS OF LlBERATION AND SEPARATION 
OF PYRmTE AND CrrHw MINERAIS FROM COAL 

Wurice Deul 

Bituminous Coal Research, Inc .  
121 Keyran Avenue at Forbes 
Pittsburgh 13, Pennsylvania 

Introduction 

Present methods of coal  cleaning are based on one o r  more of these  common 
fac tors :  

(1) appearance - as i n  hand cleaning 

(2) shape and toughness - as i n  Bradford-type ro ta ry  breaker 

(3 )  spec i f i c  gravi ty  - as i n  pneumatic cleaning, jigging, and 
heavy media separation 

(4) surface phenomena - as i n  f ro th- f lo ta t ion  or o i l  agglomeration 

Elec t ros ta t ic  separators  are widely used i n  mineral beneficiat ion,  espec ia l ly  for 
beach sands, but have not achieved much acceptance i n  the  coa l  industry.  

Before considering f ac to r s  involved i n  new methods of l i be ra t ion  and sep- 
a ra t ion  of mineral matter from coal, the  l imitat ions of the  methods already i n  use 
should be recognized. 
a d i s t i n c t  lack of appreciat ion f o r  t he  mode of occurrence of mineral matter i n  coal .  
Iarge sizes of coal  can be economically cleaned by simple grav i ty  methods and s u i t -  
able products are prepared f o r  the market by crushing and screening the  cleaned 
coal .  
(b) blended uncleaned with la rger  s izes ,  (c )  r a re ly  cleaned and sold as a separate 
product, o r  (d)  discarded. With ever increasing appl icat ion of mechanical mining 
techniques the Larger proportion of f i n e s  produced now prohib i t s  any coa l  t o  be 
discarded other t h a n  extreme f ines ,  and even these f ines ,  because of water c l a r i -  
f i c a t i o n  problems, are being recovered a t  some preparation plants .  

These l imi ta t ions  a re  mainly economic but  some are based upon 

Fine coal  i s  e i t h e r  ( a )  cleaned separately and blended with l a rge r  s izes ,  

There is no problem i n  beneficiat ion *ere mineral matter i n  the form of 

Ordinary j igging or t h e  use 
la rge  pieces of roof and f l o o r  rock, th ick  par t ings,  large concretions or lenses 
of clay, shale, and py r i t e  are the  comon impuri t ies .  
of a sand cone will readi ly  remove these gross impurities from t h e  coal. 
and removal of large, tough, tabular  pieces of rock and mineral i s  simply performed 
by the Bradford rotary breaker. 
coa l  preparation apparatus are given i n  "Coal Preparation," ed i ted  by D. R. 
Mitche 11. (l) 

Separation 

The d e t a i l s  of these devices and almost every other  

Fine coal cleaning may be considered from two d i f f e ren t  viewpoints, de- 
pending on t h e  nature of the  coal  and its associated impuri t ies  and depending on 
the  ultimate m r k e t .  Where a low grade coa l  i s  being processed the  f i n e  coal  may 
not require  cleaning p r i o r  t o  blending with other  coa l  unless t he  percentage of 
non-combustibles is so high a s  t o  severely a f f e c t  the qua l i ty  of the  e n t i r e  blend. 
For premium grade coal, espec ia l ly  metal lurgical  coal, the  f i n e s  may represent an 
appreciable percentage of low-sulfur coa l  - an i r replaceable  commodity. 

Fine coals, down t o  about 48 mesh, may be cleaned on concentrating tables, 
or by f ro th  f lo t a t ion ,  a process which is r e s t r i c t ed  almost exclusively t o  the pre- 
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mium low-sulfur coals. With a su f f i c i en t  number of c e l l s  it appears t h a t  there  i s  
no lower limit t o  the s i z e  of the  coal cleaned by f ro th  f lo t a t ion .  
washing f ine  coa l  t ha t  have recent ly  been introduced from abroad are modifications 
and extensio s of the equipment a l ready used i n  coal  p r e p r a t i o  
fe ldspar  JigT2) and the  Dutch S ta t e  Mines heavy medium cyclone. 

Tu0 methods of , 

Some concept of the W n i t u d e  of f i n e  coal  cleaning is t o  be gained 
from inspecting the data i n  Table I which shows the tonnages and percentages of 
bituminous coals and l i g n i t e  mechanically cleaned i n  the  years 1948 and 1958. 

TABLE I. COMPARATIVE DAW FOR BITUMINOUS COAIS LIGNITES 
MXCEIAN1CAI.U CLEANED DURmG 1958 AM) 1948 4% 

1000's of N e t  Tons Percentage of Total 
1948 1953 1948 - 

J igs  115 9 321 87,500 44.5 48.4 
Concentration Tables 18,142 4,360 7.0 2.4 
Class i f ie rs  8,793 18,304 3.4 10.1 
launders 6,768 16,768 2.6. 9.3  

Jigs and Tables 10,076 5,252 3.9 2.9 
Dense Medim. Processes 52,735 20,638 20.4 11.4 

Other Combinations 28,318 11,816 10.9 6.5 
Pneunratic 18;882 16,216 7.3 9 .o 

Tota l  259,035 180,880 loo .o 100 .o 
Percentage of Total  Coal . 

Production Mechanically 

Percentage of Refuse D i s -  
Cleaned 63.1 30.2 

carded From Raw C o a l  19.3 16 .o 

These f igures ,  taken from the  Bureau of Mines Yearbook f o r  1958(4) a re  the  l a t e s t  
such complete data publicly ava i lab le .  The twofold increase i n  the percentage of 
coa l  mechanically washed from 1948 t o  1958 is  not at a l l  surpr is ing since the r a t e  
of mechanical mining and machine loading has sharply increased during t h e  same 
time in te rva l .  Consequently, f i n e  coal  cleaning has become increasingly important, 
and s t a t i s t i c s  on f ine  coal  cleaning f a c i l i t i e s  show an upvard t rend i n  the  appl i -  
ca t ion  of the  older, es tabl ished methods of f ine  coal  cleaning. Acceptance of the 
newer techniques of f i n e  coal cleaning, such a s  appl icat ion of the  feldspar  j ig ,  
heavy nedia cyclones, and the  recent ly  repopularized f ro th  f lo t a t ion  of coal  f ines  
has not yet  reached the  level t h a t  s ign i f icant  t rends can be evaluated - b u t  shere 
can be no doubt t a t  there  w i l l  be an increase i n  the use of these techniques. 
from " C o a l  Age"(515 show t h a t  during 1959 seven f ro th  f lo t a t ion  p lan ts  with a con- 
bined capa ' t y  of 313 tons  per hour were contracted f o r  by the coal  industry, while 
"Coal Age"fk) shows t h a t  during 1958 eight  f ro th  f l o t a t i o n  plants  were contracted 
for ,  of which six had a combined capacity of 149 tons per hour w i t h  the capaci t ies  
of t he  other  2 plants  not disclosed.  A capacity of 462 tons per hour m y  not seem 
impressive, but the aggregate capacity of these new p l a n t s  alone, operating a t  two 
s h i f t s  a day f o r  only 200 days, becomes more than 180,000 tons a year. 

Data 

The appl icat ion of these  techniques t o  f ine  coa l  cleaning has resul ted 
i n  a decrease i n  the waste of a valuable raw material, and with proper care,at no 
reduction i n  the qua l i ty  of the  coa l  shipped t o  the.  consumer... 
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New Factors 

A l l  commercial processes f o r  cleaning coal  are based upon p r a c t i c a l a p p l i -  
Generally these sink and f l o a t  washability cat ion of standard washability tests. 

tests are adequate for coal  preparation p lan ts  which are designed t o  meet spec i f i -  
cat ions based on these tests. Wctors  that have not been considered i n  the  design 
of coal cleaning p lan ts  are: 

(1) Size d i s t r ibu t ion  of mineral pa r t i c l e s  i n  the  coal. 

( 2 )  Spa t i a l  arrangement of minerals through the  coa l  substance. 

(3)  Differen t ia l  g r indabi l i ty  of coa l  and i ts  const i tuents ,  and the  
influence of mineral matter composition on coal gr indabi l i ty .  

Size of Mineral Pa r t i c l e s  

Tae s ize  of mineral pa r t i c l e s  and t h e i r  d i s t r ibu t ion  is fundamencai t o  
t he  ;ms'hability charac te r i s t ics  of any coal. In d i n g  rout ine washsbi l i ty  t e s t s  
a t  any predetermined spec i f i c  gravi ty  the sole  control l ing f a c t o r  as t o  whether a 
f r ee - se t t l i ng  pa r t i c l e  will report  t o  the  aink o r  t o  the  f l o a t  f r a c t i o n  is the  
proportion of high-specific-gravity mineral matter i n  that pa r t i c l e .  
fragment s inks because a small s ingle  gra in  of mineral matter is  included, it is a 
r e l a t ive ly  simple matter t o  recycle that p a r t i c l e  t o  a crusher and t o  lnake the  
separat ion on a second pass. 
a l en t  amount of mineral matter as many small disseminated grains, r a the r  than as 
one large grain, simple crushing w i l l  f a i l  t o  re lease su f f i c i en t  mineral pa r t i c l e s  
from the  coal  t o  permit a clean separat ion by gravi ty  methods. 
has not been the  s i t ua t ion  f o r  many of t he  commercially important coals ,  otherwise 
beneficiat ion by the  r e l a t ive ly  simple means heretofore developed would not have 
been possible. 
which cannot be beneficiated t o  a more des i rab le  l eve l  of ash  and su l fu r  content by 
conventional coal  cleaning methods? 

Where a large 

But where a similar large p a r t i c l e  contains an equiv- 

Fortunately, t h i s  

The issue now is t o  w h a t  extent  does t h i s  condition p reva i l  i n  coals  

An est imat ion of the , re la t ive  s i ze  of mineral grains  in coa l  can be made 
from grain counts and s ize  measurements of minerals i n  surface sect ions of coal  by 
micrometric methods. In  the  example t o  be c i t ed  only measurements of py r i t e  gra ins  
were made because of t he  emphasis on su l fu r  i n  the  pro jec t  f o r  which the  research 
was conducted. Polished surface sect ions were made of samples of f i v e  test coals  
and of separates prepared f romthese  coals  as described here: 

(1) .raw run-of-mine coal  crushed t o  1/2" x 0" 

(2) f l o a t  f r ac t ion  (1.58 Sp. Gr.) of 30 mesh x 0" coa l  

(3)  sink f r ac t ion  (1.58 Sp. Gr.) of 30 mesh x 0" coal  

(4)  f l o a t  f r ac t ion  (1.58 Sp. Gr.) of 1/2" x 30 mesh coa l  

Micrometer measurements were made on at l e a s t  5@O t o  1000 pyr i t e  gra ins  from samples 
prepared from each of the  separates described for a l l  f i v e  test  coals .  These data  
are summarized i n  Table 11. While quant i ta t ive  a s  t o  the s i z e  of pyr i t e  grains 
relative t o  each other, t he  data  do not take in to  account the grouping or bunching 
of pyr i te  grains a t  any par t icu lar  locus or along a pa r t i cu la r  plane. 

mom the data i n  Table I1 it can be seen t h a t  a very large percentage of 
py r i t e  pa r t i c l e s  a re  extremely small, with from 70 t o  98 percent of t he  measured 
pa r t i c l e s  sna l l e r  than 20 microns i n  diameter. Yet, with such a range of s izes ,  
t he  relative weight percentage of these  pa r t i c l e s  ranges from a low of about 1.3 

. . .  .. 
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weight percent t o  a high of about 42.7 percent. This means t h a t ,  except f o r  the  
Kentucky No. il coal, the  amount of p y r i t i c  su l fu r  i n  py r i t e  grains  l e s s  than 2% 
microns in size is negl igible .  In contrast ,  f o r  three of the  coals, most of the  
py r i t e  is i n  grains  l a r g e r  than 75 microns (plus  200 mesh). 
be used i n  two ways: 
out a coa l  could, if no moderating,factors a re  involved, completely abrogate es tab-  
l i shed  coal  cleaning prac t ice ;  and, t o  show t o  w h a t  extent  these moderating f a c t o r s  
have influenced coa l  cleaning. Knowing t h i s ,  it may then become possible t o  apply 
t h i s  infonustion t o  improvement of coal  cleaning processes and t o  the beneficiat ion 
of coals, which, despi te  inherent ly  desirable  propert ies  and charac te r i s t ics ,  con- 
t a i n  too much f i n e  grained py r i t e  and other  minerals t o  permit t h e i r  u t i l i z a t i o n  i n  
the premium markets. 

This information can 
t o  show that dissemination of f i n e  grained minerals through- 

Arrangement of Minerals i n  Coal 

Table I11 shows what  might be expected from ce r t a in  coal-pyri te  mixtures 
if 
heartening t o  any preparation plant  manager. 
of pyrixe, s t h e  sample would sink at Specif ic  grav i ty  1.25, and =would f l o a t  
at spec i f ic  gravi ty  1.30. 

the  pyr i te  were uniformly disseminated. Such expectations would be most d is -  
For example, with two percent by volume 

TABU 111. SPECIFIC GRAVITY FACTORS FOR MMTURES OF PYRITE AND COAL 

lit- k Calculated Specif ic  
V O l .  $ Pyr i t e  wt. 4 Pyr i t e  Pyr i t i c  Sulfur  Gravity of Mixture 

1 4.04 2.16 1.238 
2 7 .@+ 4.18 1.276 
4 14.8 7.9 1.352 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Assume: Sp. G r .  Mineral-free Coal = 1.2, Sp. Gr. Pyr i te  = 5.0, 

Sp. Gr.  Non-Pyritic Minerals = 2.5 

Table N is a sonewhat more r e a l i s t i c  a r r ay  of f igures  sharing what coa l  
producers would be faced with if a l l  t h e  mineral mtter i n  coal  was present i n  a 
highly disseminated form. The ash  and p y r i t i c  su l fu r  f igures  i n  Table N a re  equiv- 
a l en t  t o  that of mny f ine ,  high grade premium coals  mined today. But ilnagine w h a t  
a dis-1 fu ture  any producer would have if a coa l  with 10 percent ash and almost 
two percent p y r i t i c  suLfur could not be grea t ly  beneficiated by washing at a 1.30 
spec i f ic  gravi ty? 

To know that the  washability of coals is  dependent upon the  amount and 
d i s t r ibu t ion  of minerals i n  coa l  is not enough. What is necessary is an understand- 
ing and appreciat ion of how the  minerals occur i n  every hard-to-wash coa l  of poten- 
t i a l  value. Research on methods t o  beneficiate  these  coals ,  though not immediately 
successful, must resul t  i n  techniques t h a t  would enhance the  washabi l i ty  character- 
i s t i c s  of a l l  other coals .  

mcroscopic examination of polished surface sect ions of coa l  shows t h a t  
the minerals i n  coal, and espec ia l ly  pyr i te ,  a r e  la rge ly  present i n  sone regularized 
pat tern.  Despite t he  seeming randomness of occurrence of pyr i te  and other  minerals, 
lar power mgni f ica t ion  shows individual  py r i t e  gra ins  t o  be concentrated i n  planar 
d i s t r ibu t ions  which a re  roughly, and of ten  idea l ly ,  parallel t o  the  bedding plane 
of the  coal .  
recognized in \  photomicrographs taken Kith re f lec ted  l i g h t  , is  representat ive of the  

This i s  i l l u s t r a t e d  i n  Figures 1, 2 and 3. Pyri te ,  which i s  so clearly 
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occurrence of other  
a d i f fe ren t  or igin.  \ 

nerals  which are interbedded with t h e  coal, but Which may have i 

TABLE IV. SPECIFIC GRAVITY, PYilITIC SULFUR AmD ASH DATA FOR 
MMTuRFS OF MlXEElAL MA-, PYRm AND C O A L  

Non-br i t  i c  
r i t i c  Sulfur  Kcheoretical Ash 

Sp. G r .  
Minerals Pyrite 

Vol. $ wt..., VOl. 5 u t .  $ , 

-- -- -- 1 2.6 

2 3:95 1 3.95 2.12 
4 7.75 1 3.87 1.94 
2 4.02 0.5 2.01 1.09 

1 1.9 1 4 .O 2.14 
3.1. 1.213 
4.3 1.251 
7.4 1.264 
10.1 1.290 
6 .O 1.245 

4 Assume: Sp. G r .  Mineral-free Coal = 1.2, Sp. Gr. Pyr i te  = 5.0, Sp. Gr. Non- 
P y r i t i c  Minerals  = 2.5 

3 Theoretical  Ash 20.5 + W t .  $ Non-Pyritic Minerals + W t .  ’$ Pyri te  (0.73) 

I The ready separation of coal from mineral partings within t h e  coal  bed is 
an  example of t h e  kind of bonding weakness t h a t  commonly e x i s t s  between the  layers 
of material which comprise a complete coal bed. Upon handling and primary crushing 
f u r t h e r  breakage takes  place along similar planes. When coa l  is crushed t o  even 
f i n e r  s i z e s  by some d i f f e r e n t i a l  method, t o  sake f u l l  advantage of t h e  planar ar- 
rangement of minerals on a microscopic scale, it w i l l  then be possible t o  design 
economFcal cleaning plants  f o r  f i n e  coal.  
f i n e  s izes  according t o  predetermined procedures based on d n e r a l  re la t ionships  es- 
tab l i shed  f o r  that coal. 
t h e  c o a l  is being prepared. 

I 

1 
1 

I n  such a plant coal will be reduced t o  

Subsequent separat ion w i l l  depend upon t h e  market for which 
1 

Limitations i n  Application of New Factors 

One of t h e  pr inc ipa l  reasons these new fac tors  have not been given ser ious 
consideration i n  t h e  solut ion of coal  cleaning problems is  t h a t  very l i t t l e  is known 
about r;he minerals i n  coal  o ther  t h a n  that they are undesirable impurit ies.  Another 
l imi ta t ion  nay perhaps be r e l a t e d  t o  t h e  first: 
sonnel now engaged i n  research on these problems. 
t h e  minerals i n  coal  and of t h e  var ia t ions i n  t h e  mineral matter content of coal  beds 
on a s y s t e m t i c  b a s i s  should have been supported for mny years. 

there  i s  a lack of qual i f ied per- 
Invest igat ions of t h e  nature of 

There has been too  much concern with sudden changes i n  bed charac te r i s t ics  
which may r e s u l t  i n  increased a sh  content o r  increased s u l f u r  content of prepared 
coals ,  and not enough i n t e r e s t  and concern f o r  the  carefu l  accumulation of data on 
minerals i n  coa l  which might indicate  why these var ia t ions i n  mineral matter content 
and s U u r  content do occur. 
minerals from c o a l  can be  appl ied on a wide scale,  a great d e a l  of data must first 
be developed so that engineering can be applied most e f fec t ive ly .  

Sefore new methods o f  l ibera t ion  and separation of 

1 

As i n  any other  widespread modern industry, standards and standard t e s t s  
provide a common bas is  f o r  exchacge of information and intel l igence for t h e  coal  
industry.  
t i c e .  
o r  modification of the  s tandards.  
merely recorded, col la ted,  reported,  and subsequently f i l e d  f o r  reference. 
tests a r e  at  a l l  worth-while doing then t h e  data from these tests should be evaluated 

Rigid o r  nearly r i g i d  adherence t o  standard tests i s  a comroendable prac- 
And t h i s  m y  be espec ia l ly  t r u e  if there  has been a b a t t l e  over the  acceptance 

Yet it appears that for many t e s t s  t h e  data a r e  
If the 

/ 



- 25 - 
and re-evaluated so t h a t  fur ther  t e s t i n g  or re-analysis of t he  data may have greater 
s ignif icance.  One such t e s t  is the  Hardgrove gr indabi l i ty  test. 
the  Hardgrove gr indabi l i ty  method indicates  t h a t  mineral mstter is  an  important 
f ac to r  i n  determining the  Grindabi l i ty  Index, and t h a t  perhaps high mineral matter 
content coals (high ash coa ls )  are given Indexes that are too  high. 

Recent t e s t ing  of 

Recommendat ions 

A discussion of s ign i f icant  f ac to r s  followed by a discussion of t h e  l i m i -  
t a t i o n s  i n  the  appl ica t ion  of these f ac to r s  would be valueless without a few recom- 
mendations a s  t o  what should be done. These a r e  a few recommendations: 

(1) New methods of evaluation of coa l  cleaning methods should be based 
on t e s t s  other  than simple s ink and f l o a t .  

(2) Size reduction methods m u s t  be developed f o r  coal  which will permit 
maximum l ibera t ion  of mineral matter, while a t  the same t i m e  l imi t ing  the  amount of 
extreme f ines  produced. 

(3 )  Sieving f i n e  coal  has been cost ly ,  but newly designed s ieving machines 
are now being offered which w i l l  permit close s i z ing  with a high throughput at rel- 
a t ive ly  low cost .  A i r  cleaning of such closely s ized coal  should be invest igated.  

(4) Although many coal  cleaning mchines now on the  msrket have es tabl ished 
ce r t a in  lower s i ze  limits f o r  feed material, it is possible t h a t  where good l ibera-  
t i o n  of pyr i te  and other  minerals can be assured t h i s  lower l i m i t  can be pushed ye t  
lower. 
dam t o  48 mesh or at bes t  60 mesh. A t  such s i zes  sa t i s fac tory  products have been 
prepared, but the l i m i t  could be pushed t o  100 mesh or possibly even t o  140 mesh if 
the  prime consideration was t o  separate coal, with spec i f ic  gravi ty  of about 1.30, 
from pyr i t e  which has a spec i f ic  grav i ty  of 5.0. 

For example, t he  Dutch S ta t e  Mines heavy media cyclone w i l l  treat f ine  coals  
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Figure 1. Ebhedral py r i t e  crystals 
i n  Yiigs Creek No. 9 coal fron 
S r r i s o n  County, Ohio. 

=40 bKcrons 

FigL-e 2. Disseninatsd mite i n  
bkfgs Creek 210. 9 coal f ron  
Harrison Comty, Ohio. 
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Figure 3. Dissemicated pyrite i n  
Xeigs Creek 110. 9 coal from 
B r r i s o n  County, Ohio. 
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